Since hydrogen has been regarded as a future energy carrier of renewable energy, development of an efficient, robust, safe, and inexpensive hydrogen storage system is needed.
1 Metal borohydrides M(BH 4 ) n with high hydrogen density have been attracting great interest as potential candidates for advanced hydrogen storage materials.
2 Among them, lithium borohydride (LiBH 4 ), a promising hydrogen storage material, is commercially available and has extremely high theoretical hydrogen capacity (18.3 wt.%, 121 kg m -3 ), but its practical application as a hydrogen storage material is limited due to the high gas-evolution temperature (about 380
• C). 3 Many efforts have been made, with considerable progress, in solving the above-mentioned issues.
4 For example, the employment of metals, metal halides, oxides, or metal hydrides as catalysts/dopants has been demonstrated to be an appropriate approach to reduce the operating temperature of metal borohydrides.
5
On the other hand, a recent encouraging approach towards modifying the hydrogen storage properties of LiBH 4 has been mainly focused on the identification of nanostructural or porous materials as templates, such as carbon nanotubes, carbon fibers, mesoporous silica, and mesoporous carbon, which provides a strong nanoconfinement effect.
6 For example, the confinement of LiBH 4 in ordered mesoporous SiO 2 (SBA-15) 6a and in highly ordered nanoporous hard carbon (NPC) 6b have resulted in significant reduction of the onset desorption temperature. Since metal-organic frameworks (MOFs), which have highly ordered and inherently understandable crystalline lattices, have been used for gas storage, they have become an attractive alternative to the traditional templates for hydrogen storage.
7 It has been a Department of Materials Science, Fudan University, Shanghai, 200433, China. E-mail: yuxuebin@fudan.edu.cn; Tel: 86-21 has small pore openings with a size of 9 Å ¥ 9 Å and can be thermally stable up to 250
• C. The Cu 3 (BTC) 2 (H 2 O) 3 sample was heated at 100
• C for six hours under vacuum to remove the coordinated water molecules to yield dehydrated Cu-MOFs, and the X-ray diffraction (XRD) results are compared in the ESI (Fig. S1 †) . Taking account of the good solubility of LiBH 4 in ether, dehydrated Cu-MOFs were mixed with an ether solution of LiBH 4 to achieve uniform dispersion and contact, which are indispensable for solid phase reactions. After ultrasonic treatment for ten minutes, the suspension was kept under vacuum for three hours at room temperature to remove the solvent and thus obtain the target compound, LiBH 4 @Cu-MOFs.
The XRD patterns of pristine LiBH 4 , dehydrated Cu-MOFs, and LiBH 4 @Cu-MOFs before and after dehydrogenation are shown in Fig. 1 . After loading, the peaks assigned to Cu-MOFs were still retained with only a slight shift (Fig. 1c) , indicating that the sample has maintained its structural integrity. No peaks corresponding to LiBH 4 were found for the LiBH 4 @Cu-MOFs sample (Fig. 1c) , indicating a successful loading of LiBH 4 into the pores of the MOFs. To obtain further evidence that LiBH 4 was well absorbed inside the Cu-MOFs, we compared the volume of pores and the surface area of Cu-MOFs before and after loading by means of Brunauer-Emmett-Teller (BET) measurements, and the results are shown in Fig. S2 . † The N 2 adsorption and desorption of Cu-MOFs at 77 K shows the characteristics of a microporous material, while for LiBH 4 @Cu-MOFs, the measurement shows non-porous characteristics, suggesting the possibility of successful incorporation of LiBH 4 into the Cu-MOFs-pores or that the openings in Cu-MOFs were blocked by the LiBH 4 molecules. Further density measurements (ESI †) revealed that LiBH 4 had achieved loading into pores with a filling rate of 84 wt.%, while there was still 16 wt.% LiBH 4 left outside.
As shown in the temperature-programmed desorption (TPD) curves in Fig. S3 , † the dehydrogenation of LiBH 4 @Cu-MOFs started from around 60
• C, which is dramatically lower than for the pristine LiBH 4 (380 • C). After heating up to 200
• C, a total gas release of 0.0048 mol g -1 was observed for the LiBH 4 @Cu-MOFs sample, which indicated partial decomposition of loaded LiBH 4 below this temperature (0.007 mol g -1 for a complete decomposition of the confined LiBH 4 to H 2 ).
Mass spectrometry (MS) was used to investigate the temperature profiles of volatile products released from LiBH 4 @Cu-MOFs samples. As shown in Fig. 2a , the LiBH 4 @Cu-MOFs sample started to release H 2 (m/z = 2) at around 75
• C, with the peak temperature at 110
• C, while the small peak at 265 • C should be regarded as the phase transition point of LiBH 4 .
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The H 2 -release peak temperature of the MS spectra was a little different from that of the TPD spectra (Fig. S3 †) , and the main reason would be that mass spectrometry was conducted under N 2 atmosphere, while TPD was conducted under an Ar/H 2 atmosphere. Accompanying the evolution of H 2 , the release of diborane (m/z = 27) occurred almost at the same starting and peak temperatures as H 2 , but was only revealed by a shoulder peak around 205
• C. By combination of the volumetric and gravimetric results, it is determined that the molar ratio of H 2 to diborane in the evolved gas is 20 : 1. It is well known that more stable metal borohydrides decompose at higher temperature and release mainly hydrogen, while less stable ones would desorb at lower temperatures and release considerable amounts of diborane byproduct.
11a This effect is mainly due to the nature of diborane, which is reported to decompose at about 250 • C by thermal decomposition and is not observed as a decomposition product at higher temperature. As reported previously in the literature, 11 during the decomposition of LiBH 4 , decreasing the desorption temperature could lead to the emission of diborane, which would accelerate the further decomposition of the remaining LiBH 4 . Therefore, in our study, the release of diborane may also result from the low decomposition temperature of LiBH 4 . The differential scanning calorimetry (DSC) result (Fig. S4 †) shows a strong endothermal peak for this dehydrogenation, indicating that the dehydrogenation of LiBH 4 @Cu-MOFs is thermodynamically irreversible. To investigate the distinctly enhanced kinetics of this compound, the time-dependence of the first step dehydrogenation for loaded LiBH 4 @Cu-MOFs was measured over a temperature range from 130 to 160
• C, and the results are given in Fig. 2b . In order to exhibit clearly the different rates of the plots, the time-dependence plots in the range of 0-1000 s were enlarged and are shown in the inset of Fig. 2b . With increasing temperature, the amount of released gas was significantly increased, and the dehydrogenation kinetics was accelerated.
The XRD pattern of the loaded LiBH 4 @Cu-MOFs after dehydrogenation shows no change in the structure of the CuMOFs (Fig. 1d) , which is also confirmed by the Fourier transform infrared (FT-IR) results (Fig. S5 †) , indicating the stability of the Cu-MOFs before and after dehydrogenation. However, a strong new peak at 2q = 17.8
• can be observed for the dehydrogenated sample, suggesting the formation of a new substance. To explore further details of the decomposition process, solid 11 B NMR measurements for the samples before and after dehydrogenation to 200
• C were conducted, as shown in Fig. 3 . In the case of the sample before dehydrogenation, the strong peak with the chemical shift of -41.3 ppm could be assigned to the boron atoms in tetrahedral BH 4 -groups of LiBH 4 , 12 and the much weaker one around 0.19 ppm could be attributed to the slight decomposition of LiBH 4 that may occur under the ultrasonic treatment. After dehydrogenation, the peak for the BH 4 -group still exists due to the residual undecomposed LiBH 4 (16 wt.%) on the outside surface of the Cu-MOFs pores, as demonstrated by BET results. Meanwhile, a strong peak at 0.19 ppm appeared after dehydrogenation to 200
• C, which could be assigned to the oxidative product of LiBH 4 , boric acid. In order to clarify the formation of boric acid in the loaded LiBH 4 @Cu-MOFs during decomposition, X-ray photoelectron spectroscopy (XPS) of Cu element was conducted, as shown in Fig. S6 . † The Cu2p2/3 binding energies shifted from 934 eV for dehydrated Cu-MOFs to 933 eV (loaded sample) and 932.5 eV (dehydrogenated sample), confirming a slight change in the coordination environment of Cu atoms, that is, the Cu atoms changed from divalent to mono-or even zerovalent, indicating that a redox reaction had occurred between LiBH 4 and the Cu 2+ ions in the Cu-MOFs during decomposition. Given that the product of boric acid in the decomposed LiBH 4 @Cu-MOFs is quite similar to that of LiBH 4 oxidized by water molecules, a sample with LiBH 4 loaded into hydrated Cu-MOFs (LiBH 4 @Cu-MOFs-H 2 O) was synthesized and analysed for comparison. Interestingly, it was found that the LiBH 4 @Cu-MOFs-H 2 O sample showed evident hydrogen release during the loading process, indicating that the coordinated water molecules (one per Cu 2+ ion) in the skeleton of the Cu-MOFs could react with LiBH 4 at room temperature, which opens up a research frontier on the controllable ambient temperature hydrolysis of metal borohydrides by using hydrated MOFs. The 11 B NMR result ( For a better understanding of the reaction between LiBH 4 and Cu 2+ ions after nanoconfinement, the schematic diagram in Fig. 4 was drawn to give an impression of the architecture: one LiBH 4 molecule is trapped per Cu 2+ ion inside the "pore" of the CuMOFs, and the interaction between LiBH 4 and the Cu 2+ ions is expressed by the dotted lines. Given the small pore size with diameter of 0.9 nm, the interaction may become easier between the LiBH 4 and Cu 2+ ions after loading. In addition, after removal of the coordinated water molecules, the active coordination sites of copper atoms that exist in the dehydrated Cu-MOFs could further promote the interaction. The above hypothesis can be confirmed by a direct mixing of LiBH 4 and Cu-MOFs, in which only a trace of gas evolution was observed on heating the sample to 200
• C (Fig. S4 †) . Therefore, nanoconfinement of LiBH 4 in the pores of MOFs is a crucial factor for igniting the redox reaction between LiBH 4 and Cu-O units, which could achieve superior dehydrogenation properties in this system compared to other LiBH 4 systems with oxide dopants.
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In conclusion, we have selected a special kind of Cu-MOFs as the template for loading LiBH 4 to produce a possible hydrogen storage material. The confinement by nanostructural materials and the consequent redox reaction between LiBH 4 and Cu-O units enabled dehydrogenation to occur in LiBH 4 @Cu-MOFs at a much lower dehydrogenation temperature. Such nanoconfinement could be widely used in cooperation with other positive effects, such as: redox, catalysis, or hydrolysis reactions, to achieve the potential for hydrogen storage materials with vastly improved dehydrogenation.
